The mechanisms of entry for the obligate intracellular bacterium C. trachomatis were examined by functional disruption of proteins essential for various modes of entry. RNA interference was used to disrupt proteins with established roles in clathrin-mediated endocytosis (clathrin heavy chain, dynamin-2, heat shock 70-kDa protein 8, Arp2, cortactin, and calmodulin), caveola-mediated endocytosis (caveolin-1, dynamin-2, Arp2, NSF, and annexin II), phagocytosis (RhoA, dynamin-2, Rac1, and Arp2), and macropinocytosis (Pak1, Rac1, and Arp2). Comparative quantitative PCR analysis was performed on small interfering RNA-transfected HeLa cells to accurately determine the extent of C. trachomatis entry after these treatments. Key structural and regulatory factors associated with clathrin-mediated endocytosis were found to be involved in Chlamydia entry, whereas those for caveola-mediated endocytosis, phagocytosis, and macropinocytosis were not. Thus, clathrin and its coordinate accessory factors were required for entry of C. trachomatis, although additional, uncharacterized mechanisms are also utilized.
Intracellular pathogens have evolved unique strategies for gaining entry into nonphagocytic cells (17, 36, 45) . Yersinia and Listeria spp. bind to receptors on the host cell to trigger actin rearrangements and phagocytic entry. Salmonella and Shigella spp. use type III secretion to subvert host signaling pathways and promote membrane ruffling and invasion. Enterohemorrhagic Escherichia coli and enteropathogenic E. coli have evolved an attachment and effacement strategy to secrete their own receptor into the host membrane, thereby inducing entry. Multiple bacterial pathogens use cholesterol-enriched lipid rafts to facilitate invasion, including uropathogenic E. coli, Brucella spp., Mycobacterium spp., and Rickettsia spp. Viruses also enter cells through various endocytic pathways. Simian virus 40, human immunodeficiency virus type 1 (HIV-1), polyomavirus, echovirus 1, and coxsackievirus B all use lipid rafts to invade cells. Clathrin mediates the entry of Semliki forest virus, influenza virus, and vesicular stomatitis virus. Adenovirus type 2 is believed to enter cells by macropinocytosis. The mechanism of entry of the obligate intracellular bacteria Chlamydia, however, remains unresolved.
Chlamydiae are bacterial pathogens with a widespread global public health impact. Chlamydia trachomatis is the most common causative agent of bacterial sexually transmitted disease, being responsible for an estimated 90 million new cases per year worldwide, and is also a leading cause of blindness. Chlamydiae are responsible for a wide range of diseases in humans, including lymphogranuloma venereum, pelvic inflammatory disease, conjunctivitis, urethritis, cervicitis, pneumonia, psittacosis, and possibly atherosclerosis (49) . Chlamydia infection begins with the attachment of the elementary body (EB) to a eukaryotic cell by interaction with a proteinaceous host component (5, 6, 57) . After attachment, chlamydiae are internalized into the cell by an unknown mechanism resembling endocytosis, upon which Chlamydia-derived vesicles mature into a specialized parasitophorous vacuole, or inclusion, that is nonfusogenic with endosomal and lysosomal membranes.
Internalization is a critical step in the pathogenic cycle of Chlamydia and has been studied extensively throughout the years. Although a definitive pathway for Chlamydia entry has yet to be elucidated, numerous, and sometimes conflicting, mechanisms have been proposed. Microscopy studies have provided evidence both in support of clathrin-mediated endocytosis (30, 34, 61) and against it (3, 59) . Similarly, caveolamediated entry has garnered both supporting (43, 52, 60) and refuting (24) evidence. A number of regulatory factors have been investigated for their potential roles in facilitating Chlamydia internalization. Evidence suggested that the small GTPases Rac1 and Arf6 play strong roles (1, 8, 21, 53) , whereas the large GTPase dynamin-1 (3) and the small GTPases RhoA and Cdc42 do not (8) . In addition, it has been suggested that Chlamydia invades cells by either directed phagocytosis (6) or generalized pinocytosis (46) . Furthermore, a recent report proposed that C. trachomatis can induce localized actin polymerization via a type III secreted effector, which in turn facilitates Chlamydia uptake (14, 15) . This finding, coupled with previous studies that demonstrated partial requirements for actin polymerization (9, 47) , strongly support that actin is an important cellular mediator of Chlamydia entry. Finally, there are studies that highlight the involvement of intracellular calcium and calmodulin (42) , as well as calcium-activated annexins (35) , in Chlamydia infectivity. However, despite this work, an integrated understanding of the cellular processes that mediate Chlamydia entry remains unknown.
The paucity of direct experimental approaches has made it difficult to analyze the functional participation of individual endocytic mechanisms in Chlamydia internalization-as such, researchers have had to depend on microscopic observations and pharmacological agents to draw conclusions. The association of clathrin coats with internalized Chlamydia, or the lack thereof, was made using microscopic observations (30, 34, 59, 61) . Likewise, analyses on the involvement of caveolae with Chlamydia entry also relied on indeterminate microscopic ob-servations and pharmacological agents with pleuripotent effects (43, 52, 60) . Uniform conclusions on the role of actin in Chlamydia uptake have been difficult due to the idiosyncratic effects of actin cytoskeleton-disrupting agents and differences in experimental methods (9, 46, 47) .
Recent advances in the elucidation of endocytic mechanisms and their regulatory factors, in addition to improvements in technical approaches, have empowered researchers with the ability to investigate individual endocytic pathways for their participation in the uptake of specific molecules. To probe the cellular mechanisms of Chlamydia uptake, the roles of four endocytic pathways were independently analyzed for their functional participation in Chlamydia entry. RNA interference was used to specifically impair nine signature genes with wellestablished roles in (i) clathrin-mediated endocytosis (clathrin heavy chain [31] , dynamin-2 [39] , Hsc70 [12] , Arp2 [20] , and cortactin [7] ), (ii) caveola-mediated endocytosis (caveolin-1 [19] ), (iii) phagocytosis (RhoA [26] , dynamin-2 [25] , Rac1, and Arp2 [13] ), and (iv) macropinocytosis (Pak1 [18] , Rac1 [48] , and Arp2 [54] ). Entry of C. trachomatis was dependent on functional clathrin-mediated processes, whereas caveola-mediated endocytosis, phagocytosis, and macropinocytosis appeared to be not involved.
MATERIALS AND METHODS
Reagents. Unless otherwise specified, all reagents and chemicals were obtained from Sigma (St. Louis, MO).
Cell culture and Chlamydia infections. HeLa 229 cells were grown in culture in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 g of vancomycin/ml, and 100 g of streptomycin/ml. For experiments, cells were plated either to confluence in 24-well plates (Primaria; BD Falcon, Bedford, MA), on glass coverslips, or in coverglass chambers (Lab-Tek II; Nunc, Rochester, NY).
C. trachomatis LGV biovar strain L2 was grown for 48 h in L929 cells as described previously (32) . Chlamydial EB were isolated by sonic disruption of L929 suspensions and purification by centrifugation. EB were resuspended in sucrose-phosphate-glutamic acid buffer and stored in aliquots at Ϫ80°C.
Unless otherwise indicated, HeLa cells were infected with chlamydial EB diluted in Hanks buffered saline (HBS) at a multiplicity of infection (MOI) of Ͻ1 (24-h assays) or at an MOI of Ͼ100 (2-h assays) and incubated at room temperature for 1.5 h. Cells were washed with HBS and incubated in normal growth media supplemented with 1 g of cycloheximide/ml at 37°C for 2 or 24 h unless otherwise indicated.
RNA interference. HeLa cells were plated the day prior to transfection in six-well plates at a density of 2 ϫ 10 5 cells/well in DMEM with 10% FBS.
Transfections were performed by diluting 6 l of 40 M small interfering RNA (siRNA) duplexes in 200 l of OptiMem (Invitrogen, Carlsbad, CA). Then, 3 l of Oligofectamine (Invitrogen) was diluted separately in 24 l of OptiMem, and both solutions were mixed and incubated at room temperature for 20 min. This mixture (ϳ230 l) was added to cells bathed in 770 l of OptiMem and incubated at 37°C for 4 h, at which time 500 l of DMEM containing 30% FBS was added. After 48 h, a second transfection was performed, and cells were incubated at 37°C for another 48 h. Finally, transfected cells were treated with trypsin and subjected to RNA and/or protein isolation or replated for subsequent experiments. For clathrin heavy chain, the target sequence AATAATCCAATTCGAAGA CCAAT was used for siRNA duplex synthesis (Option C; Dharmacon, Lafayette, CO). The target sequence AAGACATGATCCTGCAGTTCA was used for dynamin 2 synthesis (Option C; Dharmacon). Predesigned siRNA duplexes for calmodulin-1 and Rac1 were purchased as siGENOME oligonucleotides from Dharmacon with the following sense sequences: UAAGGAGAUUGGUGCUG UAUU (Rac1) and AGUCAACUAUGAAGAAUUCUU (CaM I). Predesigned duplex siRNA oligonucleotides for Arp2 and RhoA were purchased from Ambion (Austin, TX) with the sense sequences CGAGAACUUAAACAG CUUU (Arp2) and CGUGGGAAGAAAAAAUCUG (RhoA). Predesigned siRNA duplexes for Hsc70, N-ethylmaleimide-sensitive factor (NSF), Pak1, annexin II, cortactin, and caveolin-1 were purchased from QIAGEN (Valencia, CA) with the target sequences TTGGCCCTTTATGGTGGTGAA (Hsc70), CT GGTTGTTGGAAACAGTCAA (NSF), and CTGGGACTGAGCTGTAC AGTA (AnxA2). A nontargeting siRNA duplex was used as a negative control for all RNAi experiments (siCONTROL nontargeting siRNA #1; Dharmacon).
Quantitative reverse transcription-PCR (RT-PCR).
RNA from siRNA transfected cells was isolated by using the QIAshredder and RNeasy kits (QIAGEN), performed according to the manufacturer's protocol, and was purged of contaminating DNA by a 15-min treatment with DNase I (QIAGEN). cDNA was then generated from 2 g of RNA by using the ThermoScript RT-PCR System according to the manufacturer's protocol (Invitrogen). Reactions were set up for quantitative PCR containing 2 l of cDNA, 13 l of SYBR green mix (SYBR Green Master Mix; Applied Biosystems, Foster City, CA), 1 l of forward specific primer (10 M stock), 1 l of reverse specific primer (10 M stock), and 9 l of distilled water. Reactions were run in a 7500 Real-Time PCR System (Applied Biosystems) with a thermocycler program of 10 min at 95°C, followed by 15 s at 95°C, 15 s at 55°C, and 1 min at 72°C for 40 cycles. Primer oligonucleotide sequences are summarized in Table 1 . C T values were determined by using the 7500 System SDS Software (v.1.2.3; Applied Biosystems), and ⌬⌬C T values were computed in Excel (Microsoft, Redmond, WA) using ␤-globin C T values as internal controls. Expression ratios were finally calculated according to the 2 ⌬⌬CT method for each transcript (33) and were expressed relative to the values from control siRNA-transfected samples.
Quantitative Chlamydia infectivity assay. Genomic DNA from HeLa cells infected with C. trachomatis as described above was isolated using the High-Pure PCR template preparation kit (Roche, Indianapolis, IN) and eluted in 30 l of 10 mM Tris buffer. For experiments on 2-h infections, cells were briefly incubated with 0.05% trypsin-EDTA to remove adherent, uninternalized bacteria Immunofluorescence. Cells transfected with siRNA oligonucleotides and/or infected with C. trachomatis were washed three times with phosphate-buffered saline (PBS) and fixed with 3.7% formaldehyde-PBS for 15 min at room temperature. Cells were washed twice with PBS and permeabilized with 0.5% Triton X-100-PBS for 15 min. After being blocked with 1% bovine serum albumin (BSA)-PBS for 20 min, cells were incubated for 1 h at room temperature with specific antibodies to clathrin heavy chain (BD Biosciences, San Diego, CA), caveolin (Abcam, Cambridge, MA), dynamin-2 (BD Biosciences), Rac1 (BD Biosciences), Hsc70 (Affinity BioReagents), Arp2 (Chemicon), cortactin (Upstate), RhoA (Cytoskeleton), Pak1 (Epitomics), NSF (Chemicon), calmodulin-1 (Santa Cruz Biotech), or annexin II (BD Biosciences). After rinses with 1% BSA-PBS, cells were finally incubated for 45 min at room temperature with either an Alexa-488 or Alexa-594 secondary antibody (Molecular Probes, Eugene, OR). Images were acquired by using a Nikon inverted microscope equipped with a QLC100 real-time spinning disk confocal system (VisiTech, Sunderland, United Kingdom), with a ϫ60 oil objective lens (NA ϭ 1.4) and operated by QEDInVivo software (MediaCybernetics, Silver Spring, MD). Enhancements were performed by using Photoshop CS (Adobe, San Jose, CA) on a Macintosh G5 (Apple, Cupertino, CA).
Immunoblotting. Cells were harvested in PBS and lysed in RIPA buffer (150 mM NaCl, 0.5% deoxycholate, 0.1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS], 50 mM Tris-HCl) containing protease inhibitors (104 mM AEBSF [4-(2-aminoethyl)-benzenesulfonyl fluoride], 80 M aprotinin, 2.1 mM leupeptin, 3.6 mM bestatin, 1.5 mM pepstatin A, and 1.4 mM E-64). Total cellular protein was quantified by the Lowry procedure, and equal amounts of protein were mixed with loading buffer (25% glycerol, 0.075% SDS, 1.25 ml of 14.4 M 2-mercaptoethanol, 10% bromophenol blue, and 3.13% stacking gel buffer) and fractionated by gel electrophoresis on SDS-10% polyacrylamide gel electrophoresis (PAGE) gels. Proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA) and blocked overnight at 4°C with 5% nonfat dry milk in 1ϫ TBST (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.05% Tween 20) . Blots were probed with either a clathrin heavy chain antibody (BD Biosciences), an HDAC1 antibody (Affinity BioReagents), or a caveolin antibody for 1 h at room temperature, followed by horseradish peroxidase (HRP) anti-rabbit or anti-mouse secondary antibodies (Amersham Biosciences, Piscataway, NJ) for 30 min at room temperature. Blots were visualized by using enzymatic chemiluminescence (Amersham).
Transferrin uptake assay. To biochemically measure transferrin uptake, clathrin-depleted cells were replated in six-well plates and serum starved with OptiMem plus 0.1% BSA for 30 min at 37°C. Cells were incubated with 2 g of biotinylated-transferrin (Molecular Probes)/ml for 1 h on ice. Cells were then washed twice with OptiMem to remove unbound transferrin and were incubated at 37°C in OptiMem-BSA for 10 min to 1 h to allow internalization. Cells were stripped of extracellular transferrin by washing them with an acid buffer (0.5 M NaCl, 0.2 M sodium acetate [pH 4.5]). Cells were harvested in PBS by trypsin treatment, lysed in radioimmunoprecipitation assay buffer, and the total protein was analyzed by SDS-PAGE as described above. Blots were probed with NeutrAvidin-HRP (Molecular Probes).
For visualization of transferrin uptake by immunofluorescence, transfected cells were replated in coverglass chambers. Cells were serum starved as described above and subsequently incubated with 5 g of transferrin-Alexa488 (Molecular Probes)/ml for 1 h on ice. Cells were washed and incubated in OptiMem-BSA for 15 min to 1 h for transferrin uptake. After internalization, cells were fixed with 3.7% formaldehyde-PBS for 15 min, washed with PBS, and visualized by confocal microscopy as described above.
Cholera toxin subunit B uptake assay. For measurements of cholera toxin subunit B uptake, cells transfected with siRNA oligonucleotides targeted against caveolin-1 were replated into coverglass chambers (Lab-Tek II) and rinsed with HBS. Cells were incubated with an Alexa-488 cholera toxin subunit B (CTxB) conjugate (Molecular Probes) at a concentration of 7.5 g/ml for 45 min on ice. Cells were subsequently rinsed with OptiMem to remove unbound cholera toxin, and cells were incubated at 37°C for 15 min to 1 h to facilitate internalization. Finally, cells were fixed with 3.7% formaldehyde-PBS for 15 min and rinsed with PBS, and CTxB fluorescence was visualized by confocal microscopy as described above.
RESULTS
Clathrin mediates C. trachomatis entry. Clathrin-mediated endocytosis is commonly exploited by pathogens to facilitate their invasion of host cells (36, 56) . Evidence for the role of clathrin in Chlamydia entry has been equivocal (27) . In order to analyze the functional involvement of clathrin-mediated endocytosis in the internalization of C. trachomatis, RNA interference was used to knock down the expression of clathrin heavy chain, the major structural component of clathrin coated pits (31) . Depletion of clathrin heavy chain with this oligonucleotide sequence has been shown to effectively impair clathrin-mediated endocytosis in HeLa cells (41) .
HeLa cells were serially transfected with duplex siRNA oligonucleotides targeted against clathrin, and the extent of clathrin depletion was examined. Quantitative RT-PCR analysis on mRNA extracted from siRNA-transfected cells revealed an 85% reduction in clathrin transcript levels compared to control cells identically transfected with nontargeting siRNA oligonucleotides (Fig. 1A) . These results accurately reflected the concordant reduction in clathrin protein expression, as measured by immunoblotting (Fig. 1B) . Moreover, visualization of clathrin expression in siRNA-transfected cells by immunofluores- cence with a clathrin-specific antibody revealed that high levels of knockdown were attained in most of the cell population, while typically 5 to 10% of cells appeared to retain wild-type levels of clathrin expression (Fig. 1C) . Thus, residual protein and mRNA expression in clathrin-depleted cells was derived from a subpopulation of untransfected cells that lacked the clathrin-impaired phenotype, and subsequent measurements result in an underestimation of clathrin-mediated effects.
To establish that functional ablation of clathrin-mediated endocytosis was achieved, siRNA-transfected cells were tested for their ability to internalize extracellular transferrin, a classical marker for clathrin-mediated endocytosis (41) . After internalization of a biotin-transferrin conjugate, cells were harvested, and the levels of intracellular transferrin were analyzed by immunoblotting. A robust increase in transferrin uptake was observed from 10 to 60 min in control cells, while only a small amount of transferrin was detected in clathrin-depleted cells ( Fig. 2A) . Furthermore, the extent of functional clathrin impairment throughout the transfected cell population was determined by fluorescence microcopy. A green fluorescent transferrin conjugate was observed to internalize readily in control cells (Fig. 2B) . In contrast, clathrin-depleted cells were largely incapable of internalizing transferrin. A small number of cells still appeared capable of internalizing transferrin, a finding consistent with a heterogeneous knockdown of clathrin throughout the monolayer. Thus, knockdown of clathrin heavy chain by RNA interference was a reliable tool for impairing clathrin-mediated endocytosis.
To test the involvement of clathrin-mediated endocytosis in the entry of C. trachomatis, HeLa cells were depleted of clathrin by RNA interference and infected with C. trachomatis serovar L2. Residual adherent bacteria were removed by mild trypsinization (46, 47, 59) , and internalization of Chlamydia was analyzed after 2 h by using a quantitative infectivity assay, as described previously (40) . This technique enabled more objective determination of uptake than counting inclusion forming units (IFU) or by using radiolabeled organisms. C. trachomatis entry was reduced by an average of 49% compared to control cells (Fig. 3A) . Chlamydia internalization experiments require an inordinate number of bacteria per cell to obtain suitable detection and resolution for analysis, regardless of the endpoint assay. This may result in artifactual modes of Chlamydia uptake, and measurements are further confounded by nonviable organisms. As such, the effects of clathrin depletion were also determined after 24 h, in which infections had been performed with a more natural MOI of Ͻ1. A similar reduction of 58% in C. trachomatis entry was observed (Fig.  3B) . We favored analysis at 24 h because of its greater reliability, sensitivity, and representation of only legitimate entry pathways by viable organisms and since the effects on Chlamydia infectivity were similar at 2 and 24 h for this and subsequent experiments. The effect of clathrin disruption was examined for C. trachomatis serovar D entry, and similar results were obtained (not shown). These data demonstrated a prom- 
FIG. 3. Clathrin knockdown cells exhibit reduced C. trachomatis internalization. After 2 h (A) or 24 h (B) of infection with C. trachomatis, control, clathrin knockdown and uninfected cells were subjected to the Chlamydia infectivity assay. Expression ratios were derived from
⌬⌬C T values taken with respect to control cells. Error bars denote the standard error of the mean (n ϭ 5). * , P Ͻ 0.05; ** , P Ͻ 0.001; *** , P Ͻ 0.00001 (compared to control cells).
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on November 11, 2017 by guest http://iai.asm.org/ inent role for clathrin in mediating C. trachomatis entry into host cells; however, the inhibition of Chlamydia infectivity did not reach the level of suppression observed for transferrin uptake. Caveolae do not participate in C. trachomatis entry. Caveolae have been proposed to mediate the internalization of C. trachomatis. To directly address this process, HeLa cells were treated serially with siRNA oligonucleotides targeted against caveolin-1, a critical component of caveolae (19) , to effectively inhibit caveola-mediated endocytosis. The extent of caveolin knockdown was evaluated by measuring transcript and protein expression after siRNA treatment. Quantitative RT-PCR performed on mRNA isolated from transfected cells revealed an 88% reduction in caveolin transcript levels compared to control transfected cells (Fig. 4A) . Furthermore, a significant decrease in caveolin protein expression, most notably at the plasma membrane, was observed by immunofluorescence staining of caveolin-depleted cells using a caveolin-1-specific antibody (Fig. 4B) . These data demonstrated a pronounced reduction in caveolin expression in siRNA-transfected cells.
To confirm that the reductions in caveolin protein levels typically obtained resulted in functional impairment of caveolamediated endocytosis, the ability of caveolin-depleted cells to internalize a fluorescent CTxB conjugate, an established marker for caveolae endocytosis (51), was examined. Caveolindepleted cells bound extracellular CTxB to a comparable extent as control cells; however, after permitting endocytosis to proceed for 30 min at 37°C, control cells internalized CTxB, whereas cells lacking caveolin did not (Fig. 4C) . In some caveolin-depleted cells small amounts of CTxB uptake were observed (not shown); this was likely due to incomplete knockdown in a small population of cells. These data demonstrate effective functional ablation of caveola-mediated endocytosis.
The effect of caveolin knockdown on C. trachomatis internalization was quantitated by using the Chlamydia infectivity assay. The extent of C. trachomatis internalization revealed only a 12% reduction in caveolin-depleted cells compared to control cells (Fig. 5) . Moreover, similar data were observed for serovars L2 and D, and no discernible differences in the number of IFU between these populations were found (results not shown). It can be concluded that a reduction of caveolin sufficient to ablate CTxB entry resulted in little impairment of C. trachomatis infectivity. Thus, caveola-mediated endocytosis is not meaningfully involved with Chlamydia internalization.
No evidence for involvement of phagocytosis or macropinocytosis. The roles of phagocytosis and macropinocytosis in mediating C. trachomatis uptake was next addressed by using RNA interference to deplete RhoA and Pak1, respectively. HeLa cells were serially transfected with siRNA oligonucleotides that effectively reduced expression of either RhoA or Pak1 expression (2, 58) . Reductions of 79% of transcript levels on November 11, 2017 by guest http://iai.asm.org/ contribution of known regulators of clathrin-mediated endocytosis-dynamin-2, Hsc70, Arp2, and cortactin-by RNA interference. In addition, NSF, calmodulin, and annexin II, three proteins with pervasive effects on membrane trafficking, were addressed for their effects on Chlamydia infectivity. High reductions of all proteins were achieved with RNA interference, resulting in 73 to 90% reductions in transcript levels as determined by quantitative RT-PCR (Fig. 6A) . Furthermore, analysis of protein levels in siRNA-transfected cells by immunofluorescence indicated that protein expression was significantly reduced for all targets (Fig. 6B) . Transfected cells were then tested for susceptibility to infection by C. trachomatis using the quantitative Chlamydia infectivity assay (Fig. 6C) . Cells depleted of dynamin-2 or Rac1 were infected by C. trachomatis at levels that were 34 and 32% of control cells, respectively, demonstrating involvement of these regulatory GTPases in Chlamydia infectivity. Ablation of either Hsc70, Arp2, or cortactin had moderate inhibitory effects, resulting in C. trachomatis infectivities that were 59, 61, and 72% of control cells, respectively. Finally, knockdown of annexin II (62) resulted in a small decrease in C. trachomatis uptake, whereas NSF or calmodulin depletion had no meaningful effect. The functional participation of dynamin-2, Hsc70, cortactin, and Arp2 substantiate the key role for clathrin in Chlamydia entry. Furthermore, the data for Rac1 and Arp2 support an additional actin-mediated entry mechanism. The results of these data in the context of cellular endocytic pathways are summarized in Table 2 .
DISCUSSION
Phagocytosis and macropinocytosis. Phagocytosis and macropinocytosis, which have the capacity to engulf large particles, appeared to be not involved in Chlamydia entry, as demonstrated by the inability of RhoA or Pak1 depletion to inhibit C. trachomatis entry. For macropinocytosis, this represents the first specific investigation into the involvement of this process in Chlamydia uptake. Reynolds and Pearce had previously examined the broad category of pinocytic pathways-clathrin, caveolae, and macropinocytosis-for their role in Chlamydia entry but did not specifically look at macropinocytosis (46) . The Rac1 effector Pak1 is known to mediate macropinocytosis (18) . The findings of the present study were also consistent with a previous report that dominant-negative inhibition of RhoA did not affect C. trachomatis internalization (8) . The small GTPase RhoA has been shown to have an essential role in type II phagocytosis (11) . However, these conclusions are not absolute, since the current understanding of these endocytic pathways precludes complete discounting of their involvement in Chlamydia entry.
Ablation of calmodulin had no effect, suggesting that it is not involved with Chlamydia entry, in contrast to a previous report (42) . RNA interference-based depletion of NSF did not impair Chlamydia uptake, nor did it affect the growth of the chlamydial inclusion (results not shown), thereby indicating that NSF had no involvement with either Chlamydia entry or the acquisition of membranes by the inclusion. Finally, disruption of annexin II had a small but statistically insignificant effect on C. trachomatis internalization. Although a small role for annexin II in entry cannot be fully excluded, these data further support the conclusion that caveolae are not involved, since annexin II has been shown to mediate caveolar endocytosis (50) .
Caveolae. Targeted disruption of caveolae demonstrated that caveola-mediated endocytosis is not a meaningful pathway of Chlamydia internalization. This is in agreement with recent findings that cholesterol-rich lipid rafts and caveolae are not associated with Chlamydia (24) . However, these findings contrast with reports that have suggested a role for lipid rafts and caveolae (43, 52, 60) . Although Chlamydia strain differences could account for these differences-Stuart and coworkers used C. pneumoniae, GPIC, and C. trachomatis serovars A, C, E, F, and K (43, 52, 60) , and this study and Gabel et al. (24) inclusively used C. trachomatis L2, D, E, and K-it seems more likely that technical approaches are responsible. The targeted functional disruption of caveolae used in the present study is advantageous over colocalization observations and inhibition with pleiotropic pharmacological agents. Furthermore, the Chlamydia infectivity assay enabled a consistent, quantifiable determination of the role of caveolae. Finally, while the findings from the present study do not exclude the potential involvement of lipid rafts in facilitating Chlamydia entry or for ocular strains, the findings do demonstrate that caveolae are not involved.
Clathrin. A direct, functional approach was used to address the question of whether clathrin mediates Chlamydia entry. The targeted depletion of clathrin heavy chain by RNA interference revealed a pronounced, yet not fully essential, involvement of clathrin in the uptake of C. trachomatis serovars L2 and D. This agrees with reported observational findings of C. trachomatis in clathrin-coated pits (30, 61) and a colocalization of C. trachomatis with clathrin heavy chain by immunofluorescence (34) . Some studies, however, have argued against a participation of clathrin in Chlamydia uptake. One study used dominant-negative expression of dynamin-1 and Eps15 to conclude that there was a lack of clathrin participation in Chlamydia entry (3), while another used electron micrograph observations (59) . The present study used functional disruption a Results were scored as demonstrating no effect (-), some reduction (ϩ), or strong reduction (ϩϩ) in entry.
b Known functions of these proteins in specific endocytic pathways based on current literature are also summarized: clathrin-mediated endocytosis (CME), caveola-mediated endocytosis (CAV), phagocytosis (PH), and macropinocytosis (MP).
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C. TRACHOMATIS ENTRY MECHANISMS 3931 of clathrin heavy chain to address clathrin involvement, as opposed to accessory factors (3), and infections with C. trachomatis were performed under static conditions instead of using centrifugation (59) . Moreover, analysis using the quantitative Chlamydia infectivity assay enabled robust determination of Chlamydia entry between populations regardless of differences in cell number (40) , a problem that plagues IFU measurements. That similar results were obtained at 2 and 24 h indicates that clathrin is important for entry and not downstream effects on Chlamydia growth. Thus, the present study provides direct evidence for the participation of clathrin in Chlamydia entry. An important aspect of these results is that they are consistent with what is known both about Chlamydia and clathrinmediated endocytosis. Clathrin has been found to facilitate the uptake of many bacterial and viral pathogens, including Listeria (56), Semliki Forest virus (28), influenza virus (37), and vesicular stomatitis virus (38) , and so it is not surprising that it is functionally important for Chlamydia entry. The present study also demonstrated that a number of established regulators of clathrin-mediated endocytosis also facilitated Chlamydia uptake, thereby supporting clathrin's prominent role. The large GTPase dynamin-2 has been shown to mediate clathrin endocytosis in a wide range of contexts (39) , and HeLa cells depleted of dynamin-2 by RNA interference were significantly crippled in their ability to internalize C. trachomatis. Also, depletion of heat shock 70-kDa protein 8 (Hsc70), an ATPase with a recently described role in the disassembly of clathrin coats from internalized vesicles (12) , by RNA interference was found to significantly reduce Chlamydia uptake. Finally, knockdown of either a subunit of the actin nucleating complex (Arp2) or cortactin, both of which have regulatory functions in clathrin-mediated endocytosis via interactions with actin (7, 20) , resulted in modest reductions in C. trachomatis internalization. Although cortactin has been shown previously to colocalize with Chlamydia inclusions (22) , demonstration of functional roles for these four established regulators of clathrin endocytosis is novel for Chlamydia and strengthens the finding that clathrin and actin are key players in Chlamydia entry.
Host receptor for Chlamydia. While clathrin-mediated endocytosis is constitutive, the signal for recruitment of clathrin to endocytic foci is initiated by the binding of extracellular ligands to cognate transmembrane receptors, followed by the recruitment of assembly and accessory proteins and clathrin triskelions (31) . Therefore, an important implication of the present study is that the involvement of clathrin suggests the existence of a host protein receptor that recognizes a surface component of Chlamydia and initiates clathrin coat formation. Thus far, identification of a protein receptor for Chlamydia has been elusive, despite compelling evidence that Chlamydia interacts with host cells through unidentified protein "receptors" (5, 6, 10, 16, 23, 57) . The productive nature of the RNA interference approach demonstrated here provides an expectation for the identification of upstream and ancillary components of clathrin-mediated Chlamydia entry.
Clathrin and Tarp. The requirement for clathrin in Chlamydia entry was not absolute; the strongest effects achieved were 75% reductions in entry for clathrin-depleted cells. Although this may partially be explained by incomplete disruption of clathrin-mediated endocytosis, a more likely interpretation is that Chlamydia uses additional unidentified mechanisms to enter nonphagocytic cells. It has been proposed that Chlamydia can induce its own uptake by secretion of a type III effector protein (Tarp) into the host cytoplasm, whereby internalization is induced by an undefined actin-and Rac1-based mechanism (8, 15, 21, 53) . The findings of the present study are consistent with this, since both Rac1 and Arp2 were specifically found to have a moderate involvement in C. trachomatis entry. Therefore, the clathrin-independent pathway of C. trachomatis entry could be the proposed Tarp mechanism. Alternatively, it is possible that clathrin and Tarp operate together in the same entry pathway. For example, in addition to its reported ability to induce actin polymerization, Tarp may mediate clathrin coat formation. Alternatively, the role for Tarp may lie downstream of clathrin-coated pit formation, perhaps to promote either the internalization of Chlamydia-containing vesicles or their evasion from endosomal and lysosomal pathways. The concept of clathrin-mediated endocytosis and Tarp-based entry having overlap is supported by data from the present study as disruption of Rac1 or Arp2 on top of clathrin depletion did not have an additive effect (results not shown), suggesting that they all may function in the same mechanism. Future biochemical and genetic studies should address the relationship between clathrin and Tarp in mediating Chlamydia uptake.
These data constitute a comprehensive and directed functional survey of the participation of specific endocytic pathways in Chlamydia entry. Targeted depletion of key structural and regulatory factors by RNA interference revealed that clathrin was profoundly involved in Chlamydia entry, whereas caveolae, phagocytosis, and macropinocytosis had no significant participation. Thus, Chlamydia may gain entry into cells by multiple means-a clathrin-based mechanism and one using Tarp or actin-although the possibility exists that clathrin and Tarp function in a single orchestrated pathway.
